THE use of radioactive iodine (1131) in tracer doses has proved extremely successful in experimental studies of the metabolism of iodine by the normal thyroid gland and together with the application of antithyroid drugs has led to considerable advances in thyroid physiology. However, there have been only few experimental investigations of thyroid function after treatment with moderately damaging doses of I131 given in a dosage range equivalent to that used in the treatment of Graves' disease.
THE use of radioactive iodine (1131) in tracer doses has proved extremely successful in experimental studies of the metabolism of iodine by the normal thyroid gland and together with the application of antithyroid drugs has led to considerable advances in thyroid physiology. However, there have been only few experimental investigations of thyroid function after treatment with moderately damaging doses of I131 given in a dosage range equivalent to that used in the treatment of Graves' disease.
We report our findings below of tests carried out, after varying intervals of time, on rats injected intraperitoneally, at the age of 3 to 4 months with 30 microcuries of carrier free NaIl3l. The average uptake by the thyroid gland was 20 per cent of the injected dose. We have tried to find the effect of this irradiation upon thyroid weight, follicle cell height and morphology, ability to concentrate iodide and bind iodine, to regenerate after partial thyroidectomy and to respond to a powerful goitrogen. We wanted to see if any functions were damaged preferentially. We also hoped that at least one of the tests might show an easily measured consistent deviation from the normal. We proposed, if successful, to apply this test in order to find what dosage of external X-irradiation was comparable in this biological effect with 30 ,C of I131.
MATERIAL AND METHODS.
Rats.-(1) Black and white hooded Lister strain from a closed colony and (2) home bred albinos of mixed origin. All were fed on "Research " rat cubes and given greens twice a week. Propylthiouracil (Williams & Co.).-The crystalline preparation was dissolved in water, 10 mg./l ml. by the addition of drops of 40 per cent NaOH until a clear solution was obtained. Drops of 10 per cent HC1 were then added until the pH was about 8.0 (B.D.H. universal indicator). Dilutions were made from this stock solution. Propylthiouracil-drinking water, 6 mg./10 ml. was made up twice weekly from fresh stock.
Histological techniques.-The thyroids were fixed, attached to the trachea, in Helly's fluid for 3 to 4 hours, washed overnight in tap water, dissected off the trachea and weighed. They were then dehydrated, cleared, embedded in wax and sectioned at 5,u, cut horizontally in a central plane so as to include both lateral lobes and the isthmus. All were stained by haemalum and eosin and by the "tripas " periodic Schiff method of Pearse (1949 Veall and Baptista (1954) . The count rates given by these thyroids represented organically bound I131 only, since all inorganic iodide had been washed out of the tissues.
Digestion of thyroid tissue and plasma for counting (in order to estimate T/S ratios) was done in a mixture of equal parts 5 per cent NaOH and 95 per cent ethanol in an oven at 60°C. for a few hours. Each sample was digested in a total of 9 ml. fluid in a standard vial and counted as above.
Measurement of thyroid plasma (T/S) iodide ratio.-This was based on the principle and technique described by Vanderlaan and Vanderlaan (1947) . Prior to injection of Il31, rats are pre-treated with a large dose of propylthiouracil, which prevents iodine from becoming organically bound. The measured radioactivity of the thyroid and blood is then entirely due to inorganic iodide. We injected the animals intraperitoneally with 10 mg. propylthiouracil in solution.
Half an hour later each rat was injected subcutaneously with 50 ,C 1131 in 1 ml. water. The rats were killed one hour after this by bleeding from the aorta under ether anaesthesia. Thyroid tissue, removed under the anaesthetic (after bleeding), was weighed immediately on a torsion balance and put into 9 ml. digest mixture in a standard vial. The average weight removed was 17 mg. Blood, collected into an oxalated tube was centrifuged and 1 ml. plasma taken into a standard vial containing 8 ml. digest mixture. After digestion at 60°C. the radioactivity was measured. The thyroid plasma (T/S) iodide ratio of each rat was calculated from its thyroid count rate per gram of thyroid tissue divided by the count rate of 1 ml. of its plasma.
Measurement of meanfollicle cell height.-H. and E. stained sections were placed on the moving stage of a microscope set up for measuring red cell diameters and the image projected on to paper at 1000 times magnification. Two long lines which crossed centrally at right angles were drawn on the paper. In any projected field the images of occasional follicles lay by chance with their largest diameters directly coincident with one of the lines on the paper. The heights of the two cells, in these particular follicles, which lay along the lines were recorded. The heights of 200 cells were measured in each thyroid gland.
EXPERIMENTS AND RESULTS.
Experiment I.
Ten out of 20 male hooded rats were injected intraperitoneally at the age of 3j months with 30 uC I131. They and the 10 controls were killed by bleeding under ether anaesthesia 3 months later, 2 hours after an intraperitoneal injection of 10 ,uC Il31. The thyroids were fixed and washed. Measurements were made of their radioactivity (organically bound 1131), of their weights and of their mean follicle cell heights.
The results summarized in Table IA show that even though the previously irradiated rats were slightly heavier in body weight than the controls, their thyroids were smaller, 20-9 mg. against 26-9 mg. (P < 0.01). The 2-hour uptake of I131 was not significantly different in the two groups. However, this "normal" uptake of the smaller irradiated glands was associated with an increased mean follicular cell height, 7.6# in 2000 cells against 66,u in the controls (P < 0.001).
Microscopic examination showed an associated diminution in colloid in the irradiated glands ( Fig. 1 and 2 ) whose nuclei presented a greater variation in size than the controls. The results summarized in Table III confirm the finding in Experiment I that the irradiated thyroids are smaller than those of controls 3 months after administration of 30 aC I131, 7.3 mg. as against 9.4 mg. Their 2[-hour uptake of I131 was the same as that of the unirradiated controls. The residual lobe, 9 days after hemithyroidectomy, showed a 21-hour uptake of 1131 similar to that of the whole gland of the non-thyroidectomized rats.
The histological findings in the residual lobes of the hemithyroidectomized rats were interesting. In both groups the follicle cells were taller and colloid less in quantity than normal. previously not hemithyroidectomized intracytoplasmic colloid droplets. The follicle cells of the irradiated glands appeared larger and showed a greater variation in nuclear size than the unirradiated hemithyroidectomized controls ( Fig. 3 and 4) . Unusually large nuclei and occasional micronuclei were present in the irradiated glands. Additional changes seen only in the irradiated glands, especially centrally, were bizarre-shaped nuclei, examples of marked infolding of the nuclear membrane, multinucleated follicle cells containing two or more small nuclei, and degenerate nuclei whose chromatin was seen as pycnotic dots lying within the ghost of a nuclear membrane.
Experiment 4.
In our results so far, we had failed to detect any loss of ability of iodine uptake in the irradiated thyroids. We had found a decrease in thyroid weight and the development of nuclear anomalies under the stimulus of regeneration. We therefore designed the following experiment to see if irradiated glands would show a reduced ability to undergo hyperplasia induced by a standard short course of propylthiouracil. We were particularly interested to see the effect of increasing the time-interval after irradiation when applying the goitrogen.
We found in preliminary trials with varying strengths of propylthiouracil solution that "drinking water" containing 6 mg. propylthiouracil per 10 ml. was well tolerated and was effectively goitrogenic. We also found, by killing off pairs of rats at 2-day intervals, that their thyroids, on this r6gime, showed a rising mitotic index up to about 8 days, followed by a plateau lasting about 4 days and then a fall to practically nil by 24 days. We then set up a series of 5 groups of animals, totalling 90 male albinos 21 months old. Each group contained 6 controls, 6 rats injected intraperitoneally with 10 / C I131 and 6 given 30 ,/C I3. Except for the week following the injection of Il31 the 18 rats in each group were housed in a single large cage. The goitrogenic stimulus was a 10-day course of 48 Histological examination of the thyroids showed the classical changes of hypertrophy and hyperplasia induced by goitrogens. Follicles were increased in number, colloid was grossly reduced, follicle cells were increased in height to above 15p, many contained intracytoplasmic colloid droplets (Fig. 5) . In addition to numerous mitoses, the nuclei in control glands showed a greater variation in size and shape than those of unstimulated thyroids and very occasional micronuclei. However, the nuclei of the irradiated glands (10 ,C and 30 ,C) showed an even more striking variation in size and shape. Micronuclei appeared more numerous.
The anomalies seen in the regenerating hemithyroidectomized irradiated glands were present and all were more marked (Fig. 6, 7 and 8) . At 120 days, when mitoses were reduced to a minimum, cell hypertrophy was still as much in evidence as in the control unirradiated glands. The follicles of the irradiated glands showed a gradual increase in cell size.
Normal and abnormal mitoses were present in all the irradiated glands. The latter consisted mainly of irregular arrangements of the chromosomes at metaphase and anaphase. Occasional cells were present containing clumps of scattered deeply staining chromatin, an appearance suggestive of death and the onset of degeneration of a dividing cell. Multinucleate follicle cells with small overlapping nuclei were common.
Groups (f) 7 controls and 7 irradiated and (g) 6 controls and 7 irradiated male albino rats have been added to Table IV The impossibility of assessing accurately the radiation dosage to the thyroid from I131 because of variation between follicles in iodine uptake and turnover, radiation cross-fire at the centres of the lobules and escape at the periphery has been discussed previously (Feller, Chaikoff, Taurog and Jones, 1949; Maloof, Dobyns and Vickery, 1952; Doniach, 1953) . The dosage range to the thyroids in rats which absorbed 20 per cent of 30 pC J131 was considered to lie between 3200 and 22,600 rads. (Doniach, 1953) . The experimental findings reported above show that this irradiation produces a loss of thyroid weight which becomes more marked with time. The reduction in weight was definite after 3 months (Tables  IA and IB) . In previous experiments (Doniach 1950 and 1953 ) the thyroid weight was still further reduced 15 months after I131. The loss of weight was not associated with any obvious loss of function. The animals grew normally, their smaller thyroids concentrated iodide normally (Experiment 2) and showed a 2-hour uptake of bound iodine quantitatively similar to the larger unirradiated glands. It would appear likely that the smaller irradiated thyroids maintain a euthyroid state by increased activity of their cells. This was borne out by the findings of an increased mean cell height and a diminution in colloid. On the other hand we expected to find that this hypertrophy would be associated with other evidence of a relative increase in circulating pituitary thyrotrophic hormone (T.S.H.). We hoped, therefore, to find an associated increase in T/S iodide ratio.
Our failure to do so suggests that this method was not sensitive enough to detect the increased thyroid activity manifested quite clearly in histological sections. The variation in T/S iodide ratio was large in the rats in any one group. Statistical evidence of an increase in iodide concentration might have been found if many more rats had been used.
The findings in Experiment 3 prove that even after hemithyroidectomy the residual lobe of the irradiated gland can still function adequately, i.e. bind iodine in a similar amount to a non-hemithyroidectomized irradiated animal or a henithyroidectomized non-irradiated one. But histology shows that this is done at the expense of a very marked cell hypertrophy. Moreover, disturbing nuclear anomalies and degenerative cells are seen which suggest that the irradiated thyroid might be reaching the limit of its compensatory faculties.
The results of Experiment 4 bring out a number of major points. The irradiated thyroid cells are capable of full hypertrophy; in this experiment definitely in response to an increased blood level of T.S.H. following a 10-day course of a potent goitrogen. On the other hand the ability of the irradiated thyroid to undergo hyperplasia is reduced since histology showed a lowered mitotic index. Furthermore, this reduction in goitrogenic response becomes more marked with time. The non-stimulated irradiated thyroid glands at 4 months averaged 18 mg. (Table IB) .
The goitrogen stimulated irradiated thyroids at 4 months averaged 25.5 mg.
( Maloof, Dobyns and Vickery (1952) carried out concurrent functional and histological studies on rats injected with 1 to 300 tC I131 at intervals ranging from 2 to 18 months after the I131 administration. No impairment in body weight gain was noted in animals receiving 30,000 rep or less to the thyroid. There was a persistent increase in follicle cell height in all animals that had received a calculated maximum dose of 5800 rep or more to the thyroid. This was associated with a diminished thyroid gland weight but a normal ability to take up a tracer dose of I131, 48 days after the initial irradiation. A 30-day course of thiouracil, instituted 64 days after the initial radiation showed a good goitrogenic response in the animals which had received 1800 rep to the thyroid, a diminished response in the 5800 and 30,000 rep-groups and no goitrogenic response at all in groups which had received 80,000 rep or more to the thyroid. The authors described bizarre nuclear changes in the follicle cells after irradiation, accentuated by thiouracil administration and noted the irradiated thyroids' retention of ability to undergo cellular hypertrophy. They thought that the failure of response to thiouracil suggested an impairment of cellular division. Our results largely confirm these radiation effects following the appropriate dosage of I131, in particular the reduction in thyroid weight, maintenance of normal body weight and thyroid ability to take up iodine, increase in follicle cell height and ability to hypertrophy, inhibition of ability to undergo hyperplasia and the formation of bizarre nuclear forms. We have extended Skanse's observation that time after irradiation enhances the lack of responsiveness to thiouracil and confirmed by mitotic counts the suggestion of Maloof et al. (1952) of an impairment of cell division. Our findings show that the degree of goitrogenic response 4 or more months after irradiation of the thyroid is a sensitive and easily determined index of radiation damage. The test proved satisfactory for the quantitative comparison of the effects of external X rays with internalI131 irradiation.
The other test which proved simple but less sensitive was the measurement of the post-irradiation loss of weight of the non-goitrogen stimulated thyroids.
The mechanism is presumably due to the same hyperplasia inhibition noted above, except that here we are dealing with a failure of the normal growth and renewal in time of thyroid tissue rather than the failure to respond to exogenously applied growth stimulus. This finding suggests that given enough time these irradiated thyroids might undergo a complete atrophy. It follows that some patients successfully treated with I131 for Graves' disease might nevertheless develop myxoedema due to post-irradiation thyroid atrophy many years after. The only function that we have found to be affected preferentially in rats by moderately damaging doses ofI131 appears to be concerned with cell renewal; secretory function of the gland as a whole appears unchanged.
The capacity to divide is not lost altogether since the atrophying thyroid following 30,CI131 grows occasional adenomata and when submitted to a prolonged goitrogenic stimulus may produce carcinomata (Doniach, 1953) . The destructive dose of 100 pC I131 almost totally eliminated this capacity to produce adenomata (Doniach, 1953) . However, Goldberg and Chaikoff (1952) obtained 7 thyroid carcinomas in 25 rats each given 400 C IJ131 18 months previously. Those postirradiation cells which have retained the ability to undergo successful mitosis appear moreliable than unirradiated cells to give rise to tumours when stimulated to division by a maintained rise in circulating thyrotrophic hormone.
SUMMARY.
Thyroid function tests were carried out on rats injected 3 months previously with 30 ,tC I131, a dose considered comparable with that used in the treatment of Graves' disease. There was a loss of thyroid weight, an increase in follicle cell height, a normal T/S iodide ratio and a normal thyroid uptake of 1131. The residual lobe after hemithyroidectomy showed a similar IF31 uptake, a smaller mass, and a greater cell hypertrophy than non-irradiated hemithyroidectomized controls. The irradiated glands showed bizarre nuclear forms. A series of rats was killed at the end of a 10-day course of propylthiouracil administered at varying time-intervals after 10 and 30 uC I131. The goitrogenic response was less in the irradiated than in non-irradiated controls and diminished considerably with time in the 30 uC group. This impaired goitrogenic response was associated with a marked reduction in mitosis; cell hypertrophy was not reduced. The findings of abnormal mitoses, micronuclei and other bizarre nuclear forms favour the hypothesis that part of the inability to undergo hyperplasia is due to a radiation effect on the nucleus. Measurement of the diminished goitrogenic response 4 months after 30 ,C I131 proved a sensitive test for radiation damage and was found applicable to the measurement of X-irradiation damage.
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